Background: A number of observational studies have been conducted to investigate the association of the IL-10 gene polymorphisms with systemic lupus erythematosus (SLE) susceptibility. However, their results are conflicting.
Introduction
Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disorder with diverse clinical manifestations. It can be potentially fatal when major organs are affected. The prevalence of SLE ranges from approximately 20 to 150 cases per 100,000 persons worldwide [1] , with a female-to-male ratio of 9:1 [2] . People of Afro-Caribbean and Asian ethnicity are more likely to develop this disorder than white people [3] . Sunlight, drugs and some occupational exposures could trigger the disorder [2] . Infections of Epstein-Barr virus and bacteria have also been identified as possible factors in the development of SLE, but no one specific cause has been identified [2] . A strong familial aggregation has been found in SLE [4] ; the concordance rate is higher in monozygotic twins than in dizygotic twins [5] . These facts suggest that genetic factors play a role in the development of SLE.
Interleukin 10 (IL-10), primarily produced by monocytes and lymphocytes, is a multifunctional cytokine in immunoregulation and inflammation. There are several lines of evidence suggesting that the IL-10 gene is a candidate gene for SLE susceptibility. IL-10 enhances B cell proliferation, differentiation and antibody production, and therefore plays a role in B cell hyperactivity and in increasing production of autoantibodies in SLE [6, 7] . It also inhibits functions of T cells and antigen-presenting cells [8, 9] , which in SLE may contribute to impaired cell-mediated immunity. Several studies have found that IL-10 production is high in SLE patients and IL-10 serum level correlates with disease activity [10, 11, 12, 13, 14, 15, 16] . Studies in lupus animal models and humans have shown that anti-IL-10 treatment can decrease disease activity in terms of clinical features and biologic markers [17, 18, 19] .
In humans, the IL-10 gene is located on chromosome 1q and encodes for 5 exons. The IL-10 promoter is highly polymorphic and in this region two CA-repeat microsatellites (IL-10.G and IL-10.R) and three single nucleotide polymorphisms (SNPs) at positions 21082, 2819, and 2592 from the transcription start site, have been identified to correlate with IL-10 production [20] . Haplotypes comprising three SNPs at positions 21082, 2819, and 2592 have also been found to correlate with IL-10 serum level [20] .
Considering the role of IL-10 in SLE and the relationship between the IL-10 gene polymorphisms and IL-10 production, a number of observational studies have been conducted to investigate the association of the IL-10 gene polymorphisms with SLE susceptibility. However, their results are conflicting. This can be due to insufficient power, small effect of the IL-10 gene polymorphisms on SLE susceptibility, and false-positive results. Meta-analysis is a statistical method that can overcome the limitations of individual studies [21] . We therefore performed a meta-analysis to clarify the inconsistency among studies and to establish a comprehensive picture of the association between the IL-10 gene polymorphisms and SLE susceptibility.
Methods

Searching
We searched PubMed, EMBASE and Chinese Biomedical Literature Database for relevant reports without language restriction. The last search update was performed on August 31, 2012 . The search strategies were based on the following form: (interleukin-10 or synonyms) AND (''systemic lupus erythematosus'' or synonyms). Both thesaurus terms and free text were used. Detailed description of the search strategies can be found in supplementary materials (see Method S1). We also screened references of retrieved articles and relevant reviews for additional studies. Any case-control designed studies were considered eligible if they aimed to investigate the relation between the IL10 gene polymorphisms and SLE risk, no matter which polymorphisms were studied or whether they provided enough data to calculate odds ratios (ORs). Family-based studies were excluded because of linkage considerations.
Two authors (PL, JS) independently screened all reports by title or abstract for those requiring further retrieval, and then independently reviewed these studies for eligibility. Discrepancies were resolved by group discussion. Following information was extracted using predetermined forms: the first author's name, year of publication, ethnicity, definition and numbers of cases and controls, genotyping method, frequency of IL10 genotypes, and consistency of genotype frequencies with Hardy-Weinberg equilibrium (HWE). We compared author names, authors' affiliations, and geographic locations and period of studies to identify sequential or multiple publications. If more than one report related to the same or overlapping data sets, we included results from the largest or most recent publication.
Statistical Analysis
We calculated odds ratios with 95% confidence intervals (CIs) to assess the strength of the association between the IL10 gene polymorphisms and SLE risk. For each allele or haplotype with enough data sets, we performed overall analysis as well as subgroup analysis on the basis of population ethnicity and HWE in control groups, as genotype frequencies are often different across ethnicities and deviating from HWE may be a sign of selection bias or population stratification. HWE was tested using the x 2 test and it was considered statistically significant when the P value is less than 0.05 [22] .
For SNPs, we adopt four genetic models to evaluate their association with SLE risk: major allele vs. minor allele, major allele homozygotes vs. minor allele homozygotes, major allele homozygotes vs. heterozygotes plus minor allele homozygotes, and major allele homozygotes plus heterozygotes vs. minor allele homozygotes.
Heterogeneity was determined using the P value from the x 2 test (Cochran's Q statistic) and the I 2 statistic. The I 2 statistic represents the proportion of variation in the study estimates due to heterogeneity, in which 0-40% may be unimportant heterogeneity, 30-60% indicates moderate, 50-90% indicates substantial and 75-100% indicates considerable heterogeneity [23] . When the P value from the x 2 test was more than 0.10, the summary OR estimate was calculated by the fixed-effect model [24] . Otherwise, the random-effect model was used [25] . Publication bias was investigated by funnel plot and Egger's linear regression test [26] . All statistical analyses were done with STATA version 10.0 (StataCorp LP, College Station, Texas, USA). This meta-analysis does not have a protocol. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) checklist is available in supplementary materials (see Method S2).
Results
Study Characteristics
By screening title or abstract and further evaluating full-text, we identified 38 case-control studies from PubMed and EMBASE and 8 from Chinese Biomedical Literature Database. 5 of them were excluded because of duplication reports or using the same or overlapping data sets. One publication contained two individual case-control studies. At last, 41 publications with 42 case-control studies were included in this review (see Reference S1). Figure 1 describes the study selection process. These 42 case-control studies were published from 1997 to 2011 with 33 in English, 6 in Chinese, 1 in Russian and 1 in Bulgarian. They included 7948 cases and 11866 controls. All studies used healthy people as controls. Ethnic groups among these studies were as following: 20 were Asians, 16 were Caucasians, 2 were Mexicans, 1 was African, 1 was Colombian, 1 was Kazakh, and 1 was mixed populations. Table 1 shows a brief description of these 42 case-control studies.
Of the 42 studies investigating the association of the IL-10 gene polymorphisms with SLE, 11 studied the IL10.G microsatellites, 6 studied the IL-10.R microsatellites, 24 studied 21082, 20 studied 2819, 26 studied 2592, 4 studied 23575 and 4 studied 22763. For other SNPs, there was only one study.
Association of the IL10.G and IL10.R Microsatellites with SLE Susceptibility
Of the 11 studies investigating the association between the IL10.G microsatellites and SLE susceptibility, 10 provided enough data to calculate ORs (Table 2 ). By pooling the 10 studies, the meta-analyses showed that only CA27 allele of the IL10.G was associated with SLE (OR 1.32, 95% CI 1.01-1.72) and there was no significant between-study heterogeneity. Further subgroup analyses showed that this association was found among Caucasians (OR 2.38, 95% CI 1.01-5.62), but not among other populations. Subgroup analyses also showed that the CA21 allele of the IL10.G was associated with SLE among Asians (OR 1.28, 95% CI 1.02-1.60). But there was substantial between-study heterogeneity. As described previously, we also divided all alleles of the IL10.G microsatellites into long allele (.21 CA repeats) and short allele (#21 CA repeats). No association was found between them and SLE.
For the IL10.R microsatellites, only 3 studies were available to calculate ORs. They all studied Caucasians. The meta-analyses found no association between the IL10.R microsatellites and SLE.
Association of the IL10 21082G/A Polymorphism with SLE Susceptibility
Of the 24 studies investigating the association between the IL10 21082G/A polymorphism and SLE susceptibility, 23 provided enough data to calculate ORs ( Table 3 ). The results of pooling all studies showed that the IL10 21082 G/A polymorphism was not associated with SLE susceptibility under any genetic models. After excluding studies deviating from HWE [27, 28] , the results showed that the IL10 21082G allele was associated with increased SLE risk under three genetic models (G vs The heterogeneity was significant in the pooling analyses of total available studies and in the subgroup analyses of Asians. Deviating from HWE in control groups can explain much of it. When excluding studies deviating from HWE could not eliminate the heterogeneity or eliminate it little, we excluded one more study. By this way, we found that the study by Shen contributed much heterogeneity in the pooling analysis and the subgroup analysis of Asians [29] . After excluding the study deviating from HWE and the study by Shen [28, 29] , a close but not statistically significant association was found among Asians using the genetic model of G vs. A (OR 1.19, 95% CI 0.98-1.44). In the subgroup analyses of Caucasians, the heterogeneity was not important under genetic models of G vs. A, GG vs. AA and GG+GA vs. AA, but under the model of GG vs. AA+GA. Excluding studies deviating from HWE and excluding one more study eliminated the heterogeneity little. Results from funnel plot and Egger's test suggested that publication bias was not evident (P Egger's test .0.05, Table 3 ).
Association of the IL10 2819C/T Polymorphism with SLE Susceptibility
Of the 20 studies investigating the association between the IL10 2819C/T polymorphism and SLE susceptibility, 18 provided enough data to calculate ORs ( Table 4 ). The results of pooling all studies showed that the IL10 2819C/T polymorphism was not associated with SLE susceptibility under any genetic models. Ethnicity, consistency with HWE, and adjustment for heterogeneity did not affect the results.
The heterogeneity was significant in the overall analyses and the subgroup analyses of Asians under the genetic models of C vs. T and CC+CT vs. TT. After excluding studies deviating from HWE and the study by Wang [28, 30, 31, 32] , the heterogeneity was eliminated. Results from funnel plot and Egger's test suggested that publication bias was present in the studies investigating the association between the IL10 2819C/T polymorphism and SLE (Table 4 ). Table 1 . Characteristics of included studies in this meta-analysis. In the subgroup analyses by ethnicity, the results showed that only under the genetic model of CC+CA vs. AA the IL10 2592 C allele was associated with decreased SLE risk among Asians (OR 0.69, 95% CI 0.51-0.94). The associations were not found among Caucasians under any genetic model.
The heterogeneity was significant in the pooling analyses of total available studies and in the subgroup analyses of Asians, and was still significant after excluding studies deviating from HWE [28, 33] . Results from funnel plot and Egger's test suggested that publication bias was present in the studies investigating the association between the IL10 2592C/A polymorphism and SLE susceptibility ( Table 5) .
Association of the IL10 21082/2819/2592 Haplotype with SLE Susceptibility
There were 16 studies investigating the association between the IL10 21082/2819/2592 haplotype and SLE susceptibility. GCC, ACC and ATA were the only three haplotypes or account for the vast majority of the IL10 21082/2819/2592 haplotypes in these studies. Therefore, we just evaluated the three haplotypes ( Table 6 ). The overall meta-analyses showed that the GCC (OR The heterogeneity was significant in the overall analyses. Some of the heterogeneity can be resolved by ethnicity-specific analyses. However, the heterogeneity remained in some ethnicity-specific analyses (ACC among Caucasians and Asians, and ATA among Asians). Excluding the study by Sobkowiak [35] eliminated much of the heterogeneity among Caucasian studies, while for Asians the heterogeneity had no significant change after excluding one study. Funnel plot and Egger's test suggested that publication bias was not apparent (Table 6 ).
Association of other SNPs in the IL10 Gene with SLE Susceptibility
There were four studies investigating the association between the IL10 23575T/A polymorphism and SLE susceptibility. The Table 1 . Cont. IL-10 Gene Polymorphisms and SLE: Meta-Analysis PLOS ONE | www.plosone.orgmeta-analyses showed no association under any genetic model. The I 2 statistic showed that the between-study heterogeneity was not apparent.
There were three studies investigating the association between the IL10 22763C/A polymorphism and SLE susceptibility. The meta-analyses showed that the IL10 22763 C allele was associated with increased SLE risk (CC+CA vs. AA: OR 2.64, 95% CI 1.01-6.84, fixed model, I 2 = 57.8%, P Heterogeneity = 0.124). Further analysis showed that the study by Gibson contributed to this association. In this study, the authors studied African Americans. For other SNPs in the IL10 gene, only rs3024505 was associated with SLE among Caucasians (1 study, P = 3.95610
28
).
Discussion
IL-10 is a potent stimulator of B cells in one way and a strong inhibitor of antigen-presenting cells and T cells in another way. Therefore, it plays an important role in immune and inflammatory process and aberrant expression of IL-10 contributes to the development of autoimmune diseases [36] . Polymorphisms in the IL-10 gene may alter IL-10 production, and thus influencing susceptibility to autoimmune diseases. For asthma, rheumatoid arthritis, type 1 diabetes, and graft-versus-host disease, observational studies have demonstrated the gene-disease association [20] . In the past 15 years, a number of case-control studies have also been conducted to investigate the association in SLE. In this metaanalysis, we collected all available published case-control studies on the association between the IL-10 gene polymorphisms and SLE susceptibility and combined them when combinable, hoping to give a whole picture of this topic. Previous meta-analysis has found that the CA23 allele of the IL-10.G microsatellites is associated with SLE [37] . Our metaanalysis, which included more studies, failed to replicate this finding. But our meta-analysis showed an association between the CA27 allele and SLE in Caucasian patients without between-study heterogeneity. This association has never been reported in each individual study. Thus, our meta-analysis produced a new finding about the association between the IL-10.G microsatellites and SLE. In addition, we found an association between the CA21 allele and SLE in Asian patients with between-study heterogeneity. However, it should be noticed that different alleles in the IL-10.G microsatellites have been linked with SLE risk in different studies. Ethnicity and patient heterogeneity may explain it. The allele distributions of the IL-10.G microsatellites are often different among different populations; some subgroup patients such as patients with anti-Sm antibodies or with nephritis tend to correlate with certain IL-10.G alleles, while their distributions are different among different studies [38, 39] . It is also likely that the IL-10.G microsatellites are markers of disease susceptibility due to linkage disequilibrium with some causal variation.
This meta-analysis showed a relative solid association between the IL-10 21082 G/A polymorphisms and SLE among Caucasians, because the results were consistent under three genetic models (G vs. A, GG vs. AA, and GG+GA vs. AA) without between-study heterogeneity and insensitive to HWE status in control groups. An earlier meta-analysis, because of very limited studies included, failed to result in a positive finding [37] . Two later meta-analyses, which included more studies but still fewer than ours, yielded similar findings with ours [40, 41] . For Asians, studies deviating from HWE and the study by Shen [29] were the main source of heterogeneity in this meta-analysis. Excluding these studies resulted in a significant association under two genetic models and a close but not significant association under the other models. Previous meta-analyses also supported an association of the IL-10 21082 G/A polymorphisms among Asians, but the numbers of included Asian studies were smaller than ours [37, 41] . Turner et al. reported that the IL-10 21082G allele was associated with higher IL-10 production following ConA stimulation of human peripheral blood lymphocytes in vitro [42] . Other researchers performed similar assays and reported contradictory associations between IL-10 production and genotype [43] . Therefore, functional studies do not fully support the hypothesis that the IL-10 21082 G/A polymorphisms have an effect on IL-10 production and thus influencing disease susceptibility. The IL-10 21082 G/A polymorphisms may also be a marker of disease susceptibility due to linkage disequilibrium. All studies from Europe showed a complete linkage disequilibrium at positions 2819 and 2592 in the IL-10 gene. Thus, among Caucasians our meta-analysis produced consistent findings for the IL-10 2819 C/T and 2592 C/A. But for studies from Asia, 4 of them did not show a complete linkage disequilibrium at the two positions [29, 30, 44, 45] . Therefore, among Asians our metaanalysis produced inconsistent findings. After excluding studies deviating from HWE, we found that among Asians the IL-10 2592 C/A polymorphisms were significantly associated with SLE under the genetic model of CC+CA vs. AA and showed a trend of association but not statistically significant under other models. This may contribute to positive findings from overall analyses of the IL-10 2592 C/A polymorphisms when excluding studies deviating from HWE. Eskdale et al. reported that the C allele at 2592 of the IL-10 gene or its associated haplotype was related to increased production of IL-10 by whole blood or PBMCs [46] , while other researchers reported conflicting associations [47] . For patients with different diseases, the direction of association was also different between IL-10 production and the IL-10 2592 C/A polymorphisms [48, 49, 50] . Therefore, the evidence from functional studies is not strong enough to support a causal association between them.
Because of linkage disequilibrium, GCC, ACC and ATA were the only three haplotypes or account for the vast majority of the IL10 21082/2819/2592 haplotypes in included studies. Overall meta-analysis showed that the GCC haplotype was associated with increased and the ACC haplotype with decreased SLE susceptibility and the results were sensitive to ethnicity and HWE status in control groups. These findings were similar with a recent metaanalysis [40] . For the ATA haplotype, our meta-analysis did not produce any association with SLE, which is conflicting with the recent meta-analysis [40] . Considering the absolutely more studies included in our meta-analysis, we are more confident with our findings. As the GCC haplotype was almost the only source of G allele at 21082 of the IL-10 gene, similar findings should be yielded from the analysis of the GCC haplotype and the IL-10 21082 G/A polymorphisms. This can be seen in our present meta-analysis. Because of the almost complete linkage disequilibrium, functional findings about the IL-10 21082 G/A polymorphisms are suitable for the GCC haplotype.
This meta-analysis involving 7948 cases and 11866 controls used an exhaustive search strategy in recommended databases without language restrictions [51] . The number of included studies was at least twice as many as those in previous meta-analysis. Thus, our meta-analysis has more statistical power to detect positive findings and allow ethnicity-specific analysis. Our metaanalysis also identified and excluded studies that used overlapping data [52, 53] , while previous meta-analyses treated them as separate study [37, 40, 41] . In addition, we performed sensitive analysis by excluding studies deviating from HWE. Some studies suggested that deviations from HWE in healthy populations may be a sign of selection bias or population stratification [54] . Consistent findings are solider from sensitive analysis by HWE. Some caveats need to be noted regarding the present study. First, there was significant heterogeneity among included studies, especially among studies from Asia. Pan et al. reported that Chinese gene-disease association studies often have more heterogeneity than others [55] . In our systematic review and metaanalysis, most Asian studies were from China and some of them were the main source of heterogeneity. However, much of the heterogeneity can be eliminated through sensitive analysis. Second, publication bias from Egger's test was apparent in some analyses of the IL-10 2819 C/T and 2592 C/A polymorphisms. This may be due to reporting bias, other biases or genuine heterogeneity, and it may be difficult to determine which is the case [51] . As we included more studies than previous metaanalyses and these meta-analyses did not show significant publication bias from Egger's test, this is more likely to be due to other biases or genuine heterogeneity. Third, for the IL10 23575T/A and 22763C/A, relevant studies are quite few; there were also very limited studies conducted among black people; more studies needed to duplicate the association of rs3024505 with SLE. Fourth, to our knowledge, the SNPs that are related with SLE in this study have not been highlighted in recent GWAS focused on SLE except the SNP rs3024505. It is common that findings are different from candidate gene studies and GWAS studies. The reasons are currently hard to explain. Some possible reasons include: variation in demographic profile of controls, linkage disequilibrium in different populations, variation in accuracy of genotyping methods, false discovery, and confounding factors.
In summary, this meta-analysis showed that the CA27 allele of the IL-10.G microsatellites, the IL-10 21082G/A polymorphism and its associated haplotype of GCC are associated with SLE susceptibility among Caucasians and the CA21 allele of the IL-10.G microsatellites, the IL-10 21082G/A and 2592 C/A polymorphisms and their associated haplotype of GCC may be associated with SLE susceptibility among Asians. It is worthwhile to note that this is the first time to report an association between the CA27 allele of the IL-10.G microsatellites and SLE among Caucasians. Further studies are needed to confirm these findings. More studies are also needed to duplicate the associations between SLE and some rarely studied SNPs such as rs3024505.
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